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A g e n e r a l  i n t e r d i s c i p l i n a r y  m o d e l  of 
the N o r t h  Sea is p r e s e n t e d .  The m o del, 
w h i c h  i n t e g r a t e s  the c o n t r i b u t i o n s  of 
many n e i g h b o u r i n g  c o u n t r i e s  u n d e r  the 
c o o r d i n a t i o n  of the J o i n t  N o r t h  Sea 
M o d e l l i n g  G r oup, feeds a h i e r a r c h y  of 
s u b m o d e l s .  These m o d e  1s , p r o g r e s s ing f rom 
the d e s c r i p t i o n  of t r a n s i e n t  and r e s i ­
dual c i r c u l a t i o n s  to the d y n a m i c s  of 
c o a s t a l  e c o s y s t e m s  and the trans locat ion 
of p o l l u t a n t s  t h r o u g h  the food c h a i n , p r o ­
v i d e  the m a t e r i a l  for c o n t i n e n t a l  seas 
and c o a s t a l  m a n a g e m e n t .  D e t a i l e d  r e s u l t s  
c o n c e r n i n g  the S o u t h e r n  Bight of the 
North Sea and the B e l g i a n  C o a s t a l  w a t e r s  
are g i v e n  in i l l u s t r a t i o n  .
GLOS SARY OF S Y M B OLS
U w a t e r  t r a n s p o r t  v e c t o r  ( i n t e g r a l  of
v e l o c i t y  o v e r  dept n )  
h m e a n  d e p t h  of the sea
ç s u r f a c e  e l e v a t i o n
h-h + ç total d e p t h
f C o r i o l i s  f r e q u e n c y  ( t wice the v e r t i c a l  
c o m p o n e n t  of the e a r t h  r o t a t i o n  vector) 
F, a s t r o n o m i c a l  t i d e - p r o d u c i n g  force per
uni t mass 
p a a t m o s p h e r i c  p r e s s u r e
0 s p e c i f i c  m ass of s e a - w a t e r
g a c c e l e r a t i o n  of g r a v i t y
a t u r b u l e n t  and s h e a r  e f f e c t  v i s c o s i t y
V w ind speed at a n e m o m e t e r  level (10 m)
Ü b o t t o m  f r i c t i o n  c o e f f i c i e n t
C sea s u r f a c e  d r a g  c o e f f i c i e n t
U q .Ho .Co .Io r e s i d u a l  p a r t s  (i.e. a v e r a ­
ges over an a p p r o p r i a t e l y  lon g  time 
c o v e r i n g  at least s e v e r a l  tidal p e ­
riods) of r e s p e c t i v e l y  w a t e r  transport, 
d e pth , s u r f a c e  e l e v a t i o n  and wind 
st ress per u nit mass, 
k r e s i d u a l  c i r c u l a t i o n  b o t t o m  f r i c t i o n  
c o e f f i c i e n t
T t - - { r U - ç 0 ) v ( ç - ç 0 >* v .(h " ' u u)Jc
s t ress (per uni t mass) on the r e s i d u a l  
c i r c u l a t i o n  due to m e a n  n o n - l i n e a r  
i n t e r a c t i o n s  of t r a n s i e n t  m o t i o n s  ; in 
brief "tid a l  s t r e s s "
9 -  T ♦ T
- o - o - t
total stre s s  (per un it mass) on r e s i ­
dual c i r c u l a t i o n  
u - (V A 0 )-
-  o  J
v e r t i c a l  c o m p o n e n t  of the curl of the 
total stress 
ß R o s s b y  Beta fact o r  t a k i n g  into a c c o u n t  
the v a r i a b i l i t y  of C o r i o l i s  f r e q u e n c y  
wi th l a t i t u d e  
iji r e s i d u a l  t r a n s p o r t  s t r e a m  f u n c t i o n  
c d e p t h - a v e r a g e d  c o n c e n t r a t i o n  of c o n t a -
n i n a n t  ( d e p t h - a v e r a g e d  nas s  of c o n t a ­
m i n a n t  per unit v o l u m e  of t h j w a t e r  
co 1u m n ) .
M s p e c i f i c  m ass of b o t t o m  d e p o s i t  (mass 
of d e p o s i t e d  c o n t a m i n a n t  per unit 
b o t t o m  s u r face)
Y c o e f f i c i e n t  of s h e a r  e f f e c t  d i s p e r ­
sion
o s e d i m e n t a t i o n  v e l o c i t y
194— IEEE OCEAN ’75
U c c r i t i c a l  v a l u e  of U a b o v e  w h i c h  d i s r u p ­
tion of the b o t t o m  layer by t u r b u l e n c e  
r e v e r s e s  the s e d i m e n t a t i o n  f lux and 
r e c i r c u l a t e s  s e d i m e n t s  in the w a t e r  
c o lumn
A t u r b u l e n t  d i f f u s i v i t y  of c o n t a m i n a n t  
m u l t i p l i e d  by the total d e p t h  H.
I N T R O D U C T I O N
E a r l y  m a t h e m a t i c a l  m o d e l s  of the North 
Sea wer e  p r i m a r i l y  c o n c e r n e d  w i t h  tides 
and s t o r m  s u r g e s  p r e d i c t i o n s .  The i n c r e a ­
sed i n t erest r e c e n t l y  in f i s h e r i e s  m a n a g e ­
m e n t  and p o l l u t i o n  c o n t r o l  has lead to 
s p e c t a c u l a r  d e v e l o p m e n t  of m a t h e m a t i c a l  
m o d e l l i n g  i n c l u d i n g  r e s i d u a l  c i r c u l a t i o n ,  
d i s p e r s i o n  of c o n t a m i n a n t s  f r o m  c o a s t a l  or 
o f f - s h o r e  r e l e a s e s ,  c h e m i c a l  and e c o l o g i ­
cal d y n a m i c s .  A l t h o u g h  p r e l i m i n a r y  r e ­
searches tended to a d d r e s s  s e p a r a t e l y  the 
Ph y sics, the C h e m i s t r y  or the B i o l o g y  of 
the N o r t h  Sea, it w a s  soo n  r e a l i z e d  that - 
the d e v e l o p m e n t  of c o m p u t i n g  f a c i l i t i e s  
a l l o w i n g  m ore a m b i t i o u s  p r o g r a m s  - 
pa r t i a l  m o d e l s  c o u l d  be p r o g r e s s i v e l y  i n ­
t e g r a t e d  in a g e n e r a l  i n t e r d i s c i p l i n a r y  
m o del. This m u l t i p u r p o s e  r e s e a r c h  m o d e l  
s e e k i n g  i m p r o v e d  u n d e r s t a n d i n g  of the 
No r t h  Sea e n v i r o n m e n t  w a s  a i m e d  at p r e d i c ­
tin g the s y s t e m ' s  e v o l u t i o n  u n d e r  the 
c o n s t r a i n t s  of M o d e r n  S o c i e t y  and p r o v i ­
d i n g  the m a t e r i a l  for s i m p l e r ,  o r i e n t e d  
" m a n a g e m e n t "  m o d e l s  - r e g a r d e d  as "subsets" 
of the g e n e r a l  m o d e l  - to a n s w e r  s p e c i f i c  
q u e s t i o n s  w i t h  the d e g r e e  of s o p h i s t i c a ­
tion w h i c h  the o b j e c t i v e s ,  on the one 
hand, the r e l i a b i l i t y  of d a t a  on the o t h e r  
hand, r e c o m m e n d .
In the sa me time, a g r o u p  of c o o r d i n a ­
tion, the J o i n t  N o r t h  Sea M o d e l l i n g  Group, 
was set up to c o o r d i n a t e  the n a t i o n a l  
e f f o r t s  of d i f f e r e n t  c o u n t r i e s  b o r d e r i n g  
the N o r t h  Sea. The o r g a n i z a t i o n  of the 
i n t e r n a t i o n a l  s u r v e y s  of the N o r t h  Sea 
(the Joint N o r t h  Sea D a t a  A c q u i s i t i o n  
P r o g r a m s  ; in b r i e f  " J O N S D A P " )  p r o v i d e d
the e l e m e n t s  of a w e l l  d o c u m e n t e d  data 
bas e and p e r m a n e n t  i n t e r a c t i o n s  b e t w e e n  
m o d e l s  and o b s e r v a t i o n s ,  r e s e a r c h  and 
a p p i i c a t i o n s .
The a p p l i c a t i o n  of s y s t e m s  a n a l y s i s  
to the e l a b o r a t i o n  and c a l i b r a t i o n  of the 
ge n e r a l  m o d e l  and its s u b m o d e l s ,  the da ta 
s u p p o r t  and the m a t h e m a t i c a l  and n u m e r i c a l  
forms of the m o d e l s  hav e b e e n  d e s c r i b e d  
and c o m m e n t e d  in e a r l i e r  p u b l i c a t i o n s  
( 1 . 2 , 3 )  .
In this p aper, a s e l e c t i o n  of new r e ­
sults is p r e s e n t e d  s h o w i n g  how, t h r o u g h  a 
h i e r a r c h y  of s u b m o d e l s ,  a p r e d i c t i v e  d e s ­
c r i p t i o n  of the N o r t h  Sea s y s t e m  can be 
g i v e n  f rom the t r a n s i e n t  and r e s i d u a l  
c u r r e n t  p a t t e r n s  to the d y n a m i c s  of c o a s ­
tal e c o s y s t e m s  and the t r a n s l o c a t i o n  of 
p o l l u t a n t s  t h o u g h  the food chain.
THE M O D E L S
A l t h o u g h  it is c o n c e p t u a l l y  im p o r t a n t  
to w o r k  in the frame of a g e n e r a l  i n t e r ­
d i s c i p l i n a r y  t h r e e - d i m e n s i o n a l  m o del, it 
is c o n v e n i e n t  to d e r i v e  fr om it a s e q u e n ­
ce of c o m p l e m e n t a r y  sub-models by w h i c h  
the m a r i n e  s y s t e m  can be i n v e s t i g a t e d  
p r o g r e s s i v e l y ,  s t a r t i n g  fro n  wha t  is best 
k n o w n  and can be m o d e l l e d  w i t h  the g r e a ­
test r e l i a b i l i t y  ; and p r o g r e s s i n g ,  as 
dat a  b e c o m e  a v a i l a b l e  for m o d e l s  a d j u s t ­
ment s ,  to mor e  s o p h i s t i c a t e d  s i m u l a t i o n s
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W a s h i n g t o n  : R e s o u r c e s  for the Future,
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and p r e d i c t i o n s .  N o r t h  Sea M o d e l l i n g  has 
thus p r o c e e d e d  f r o m  w e l l - e s t a b l i s h e d  h y ­
d r o d y n a m i c  m o d e l s  to m o r e  c o n j e c t u r a l  e c o ­
sys te ms m o d e l s  a t t e m p t i n g  to a s s e s s  the 
p a t h w a y s  of p o l l u t a n t s  in the food chain.
(i) I n t e g r a t i o n  o v e r  d e p t h  and r e a s o n a ­
ble h y p o t h e s e s  on the v e r t i c a l  d e n s i t y  
d i s t r i b u t i o n  hav e a l l o w e d  the d e v e l o p m e n t  
of two d i m e n s i o n a l  m o d e l s  of tides and 
s t o r m  surges.
(ii) F u r t h e r  tim e i n t e g r a t i o n  (over a 
time s u f f i c i e n t l y  long to c o v e r  several 
tidal p e r i o d s  and thus c a n c e l  to a large 
e x t e n t  tidal o s c i l l a t i o n s  and t r a n s i t o r y  
w i n d  c u r r e n t s )  has g i v e n  the r e s i d u a l  
c i r c u l a t i o n  model w h e r e  the r e s u l t s  of 
tidal c o m p u t a t i o n s  are used to c a l c u l a t e  
the f o r c i n g  due to n o n - l i n e a r  tidal in- 
terac t i o n s .
(iii) T i d a l  and r e s i d u a l  m o d e l s  h ave bee n  
e x p l o i t e d  to e v a l u a t e  the d i s p e r s i o n  and 
the a d v e c t i o n  of m a r i n e  c o n s t i t u e n t s  and 
to e l a b o r a t e  d i s p e r s i o n  m o d e l s  a d a p t e d  to 
the s t u d y  of c o a s t a l  d i s c h a r g e s  of p o l l u ­
tants  and o f f - s h o r e  d u m p i n g s .
(iv) The h y d r o d y n a m i c  m o d e l s  h ave r e ­
v e a l e d  d i s t i n c t i v e  m a r i n e  r e g i o n s  w h e r e  
d i f f e r e n t  c u r r e n t  r e g i m e s  p r e v a i l  and 
w h i c h  a p p e a r  as n a t u r a l  b o x e s  for the e l a ­
b o r a t i o n  of c o m p l e t e l y  s p a c e  i n t e g r a t e d  
time d e p e n d e n t  c h e m i c a l  and e c o l o g i c a l  
b o x  m ode 1 s .
(v) By r e s t r i c t i n g  a t t e n t i o n  to the 
a g g r e g a t e  p r o p e r t i e s  of c o m p a r t m e n t s  such 
as d i s s o l v e d  s u b s t a n c e s ,  s u s p e n s i o n s ,  
b o t t o m  s e d i m e n t s ,  p h y t o p l a n k t o n ,  z o o ­
pl a n k t o n ,  h e t e r o t r o p h i c  b a c t e r i a ,  fish,., 
p o l l u t i o n  m o d e l s  h a v e  b e e n  d e v e l o p e d  to 
a s s e s s  the p a t h w a y s  of p o l l u t a n t s  in the 
food c h a i n  and e v a l u a t e  the f a c t o r s  of 
c o n c e n t r a t i o n  and the s u b s e q u e n t  t o x i c i t y  
of m a r i n e  food p r o d u c t s .
A s e ries of e x a m p l e s  is g i v e n  here 
i l l u s t r a t i n g  the g r a d u a l  i n s i g h t  one gets
into the s y s t e m  w i t h  p r o g r e s s i v e  e m p h a s i s  
on c o a s t a l  w a t e r s  off the B e l g i a n  coast.
a . Tid e  and S t o r m  Surge M o d e l
The e q u a t i o n s  g o v e r n i n g  l ong w a v e  m o ­
tions in the N o r t h  Sea can be w r i t t e n  (2)
♦  y  .  u -  0  ( 1 )
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The n o t a t i o n s  are e x p l a i n e d  in the glossa 
ry .
The d i f f u s i v i t y  a is of the o r d e r  of 
50 m 2 /sec. The d i f f u s i v e  t e r m  can be e s ­
t i m a t e d  for lon g  w a v e s
a 7 2U -v 50 ---- — 7T ^ 1 0 ^  m ^ s e c  2
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Thi s  ter m  is thus m u c h  s m a l l e r  tha n the 
Cor io 1 is ,p r e ssure and i n t e r t i a l  terms 
( I 0“4 co I0“3 m 2 s e c - 2 ) and c an be n e ­
g l e c t e d  .
The N o r t h  Sea is limited by c o a s t s  and 
by o p e n - 8 e a  b o u n d a r i e s  ( S t r a i t s  of Dover, 
S k a g e r r a k ,  N o r t h  A t l a n t i c  e n t r a n c e ) .  
A p p r o p r i a t e  b o u n d a r y  c o n d i t i o n s  a l o n g  
o pe n  sea b o u n d a r i e s  are s u p p l i e d  by o b ­
s e r v a t i o n s  or by n u m e r i c a l  p r e d i c t i o n s  
fro m  o t h e r  m o d e l s  c o v e r i n g  m ore e x t e n d e d  
a r e a s  w i t h  c o a r s e r  grids.
The c u r r e n t  r e g i m e  in the N o r t h  Sea is 
m o s t l y  tidal. The mos t  i m p o r t a n t  p a r t i a l  
tide is the lunar setri-d iurna 1 . C o a s t a l  
tidal d ata are wel l  k n o w n  and co me from 
the T a b l e  des C o n s t a n t e s  H a r m o n i q u e s  de 
M o n a c o  .
C u r r e n t s  and sea e l e v a t i o n s  are not 
p u r e l y  h a r m o n i c a l  f u n c t i o n  of titre due to 
n o n  linear terms in the e q u a t i o n s  of m o ­
tion. T h e s e  non l i n e a r i t i * «  a u p e a r  in 
s h a l l o w  area ; the B e l g i a n ,  Dutc h ,  G e r m a n  
D a n i s h  c o a s t s  are c h a r a c t e r i z e d  hy 
s h a l l o w  w a t e r s .  In o r d e r  to c o m p a r e  the 
a m p l i t u d e  and p h a s e  of the M ^ tide at 
c o a s t a l  s t a t i o n s ,  a F o u r i e r  a n a l y s i s  of
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Che sea level is c a r r i e d  out. The c o m p a r i ­
son b e t w e e n  o b s e r v e d  and c a l c u l a t e d  a m p l i ­
tudes and p h a s e s  for c o a s t a l  s t a t i o n s  
shows a v e r y  Roo d a g r e e m e n t  (4).
Fig. I and 2 s how the c o t i d a l  and c o ­
range  lines c a l c u l a t e d  by  the m o d e l  and 
d e r i v e d  f r o m  the o b s e r v a t i o n s  of P r o u d m a n  
and Dood son (5).
tig. 1. Lines of e q u a l  tidal p h a s e s  and 
a m p l i t u d e s  in the N o r t h  Sea 
a c c o r d i n g  to the M a t h e m a t i c a l  
M o d e l  .
A . F r a n ç o i s  C . R O N D A Y ,  Ph.D. D i s s e r t a t i o n ,  
L i è g e  U n i v e r s i t y ,  1975.
5.J. P R O U D M A N  and A.T. D O O D S O N ,  Ph i l o s .  
Tr ans. R. Soc. Lond. 224A, 185, 1924.
Fig. 2. Lines of equal tidal p h a s e s  and
a m p l i t u d e s  in the N o r t h  Sea a c c o r ­
d i n g  to o b s e r v a t i o n s .
b . R e s i d u a l  C i r c u l a t i o n  Model
The l o n g - t e r m  c i r c u l a t i o n  in the North 
Sea is i n f l u e n c e d  by the N o r t h  A t l a n t i c  
c u r r e n t  w h i c h  e n t e r s  the Nortli Sea through 
the St r a i t s  of D o v e r  and th r o u g h  the 
C h a n n e l  b e t w e e n  the O r c a d e s  and S h e t l a n d  
Isles. The i n f l u e n c e  of the B a ltic Sea 
is w e a k  but p r o v i d e s  w a t e r  w i t h  a low 
co n t e n t  of salt (34 °/0 o). F r o m  o c e a n o g r a ­
phic m e a s u r e m e n t s  ( T . S.C^) it is p o s s i b l e  
to d e t e r m i n e  the g e n e r a l  d i s t r i b u t i o n  of 
the d i f f e r e n t  w a t e r  m a s s e s  (6).
In w i n t e r  the N o r t h  Sea w a t e r  has no 
h a l i n e  and no t h e r m a l  s t r a t i f i c a t i o n s  
e x c e p t  in the N o r w e g i a n  Ch a n n e l  and near 
the c o a s t  line. The b a r o t r o p i c  m o d e l  can 
be used. In s u m m e r  the h a l i n e  s t r a t i f i c a ­
tio n r e m a i n s  w e a k  but a t h e r m a l  s t r a tifica­
tio n e x i s t s  in the n o r t h e r n  and c e n t r a l
6.T. L A E V A S T U ,  S e r i a l  A t l a s  o f  the M a r i n e  
E n v i r o n m e n t ,  W a s h i n g t o n  D.C. Aaier, 
G e o g r a p h .  Soc. 1963.
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part of the b a s i n .  The b a r o t r o p i c  model 
h o w e v e r  still p r o v i d e s  f a i r l y  good r e ­
sults d u r i n g  tha t p e r i o d  of tine.
The e q u a t i o n s  g o v e r n i n g  the r e s i d u a l  
c i r c u l a t i o n  c a n  be w r i t t e n  (2)
A U 
- o
v l i r  *
U - 0 
* o
I -  u / °  «« - + 0O - O (3)
(4)
or, e l i m i n a t i n g  the p r e s s u r e  and i n t r o d u ­
c i n g  a t r a n s p o r t  s t r e a m  f u n c t i o n
kvZ *  _ 9* ^  3H o . 2k ai'o— (f 3 X ,  ^ 3 x 2
-.. 3I'  -, * 110 9«,- -  <0
3*° . 2k 9 %
3 X 1 H o
d x 2J
3H 0 ìlio .
3 x 2 8 !
| Ì - ( £2
II. W ♦ “ ■" 0 . - e 2 ( 5 )
The n o t a t i o n s  are d e f i n e d  in the glossary, 
e^ is the u nit v e c t o r  a l o n g  the v e r t i c a l  
axis p o i n t i n g  u p w a r d s .  0! and 0 2 the c o m ­
po n e n t  of fiQ a l o n g  the h o r i z o n t a l  axes 
e I and §2 p o i n t i n g  to the e ast and to the 
n o r t h  r e s p e c t i v e l y .
The b o u n d a r y  c o n d i t i o n s  on e q .(5) are 
d e r i v e d  f r o m  o b s e r v a t i o n s  of w a t e r  in - 
and out - flows a c c r o s s  o p e n  sea b o u n d a ­
ries and i n f l o w s  fro m  the m a i n  r i v e r s  (4). 
A l o n g  the c o a s t s ,  the c o n d i t i o n  
iji ■ c o n s t a n t  is i m p o s e d .
The total s t r e s s  0 is c a l c u l a t e d
- o
from the m e a n  w i n d  s t r e s s  o v e r  the p e r i o d  
of i n t e r e s t  ( t q -v 2 10-5 m 2 / s e c 2 , for the 
N o r t h  Sea) and the " t i d a l  s t r e s s "  c o m p u ­
ted u s i n g  the r e s u l t s  of the p r e l i m i n a r y  
long w a v e s  mode l .
One of the o r i g i n a l  f e a t u r e s  of the 
r e s i d u a l  m o d e l  d e s c r i b e d  h e r e  is the e x ­
p l i c i t  i n t r o d u c t i o n  in the r e s i d u a l  e q u a ­
tions of the r e s i d u a r y  e f f e c t  of the n o n ­
l i near i n t e r a c t i o n s  of t r a n s i e n t  m o t i o n s .
To e m p h a s i z e  the i m p o r t a n c e  of this 
ef f e c t ,  the r e s i d u a l  e q u a t i o n s  w e r e  first 
s o lved w i t h o u t  e x p l i c i t l y  t a k i n g  the tidal 
stress into a c c o u n t .  The r e s i d u a l  c i r c u ­
l a t i o n  p a t t e r n  so o b t a i n e d  - a l t h o u g h  it
r e p r o d u c e d  r o u g h l y  the d i s t r i b u t i o n  of 
w a t e r  m a s s e s  i n f e r r e d  from ti.e o b s e r v a ­
tions - fails to u n c o v e r  a s e r i e s  of 
s e c o n d a r y  gyres a l o n g  the liritisli and 
Be l g i a n  c o a s t s ,  a r o u n d  the D o g g e r  Dank 
and in the G e r m a n  Bight ; the e x i s t e n c e  
of w h i c h  has b e e n  d e m o n s t r a t e d  by long 
s e ries of c u r r e n t m e t e r s  d ata (7). This is 
e m p h a s i z e d  in figs. (3) and (4) s h o w i n g  
the res lual c i r c u l a t i o n  in t,.e S o u t h e r n  
Bight p r e d i c t e d  by the c l a s s i c a l  model 
(w i thout tidal st r e s s )  and by the new 
m o d e l  ( i n c o r p o r a t i n g  e x p l i c i t l y  the tidal 
s tress ) .
Fig. 3. R e s i d u a l  C i r c u l a t i o n  in the 
S o u t h e r n  Bight w i t h o u t  tidal 
s t ress .
4 3S t r e a m l i n e s  i^ = c o n s t  (in 10 m /s).
The m o d e l  w i t h  the tidal s t r e s s  p r e ­
di c t s  the e x i s t e n c e  of a r e s i d u a l  gyre 
off the B e l g i a n  coast w i t h  a s o u t h  w e s ­
terly c u r r e n t  a l o n g  the c o a s t .  C u r r e n t  
o b s e r v a t i o n s  c o n f i r m  the e x i s t e n c e  of the 
gyr e w h i c h  a lso e x p l a i n s  the d i s t r i b u t i o n  
of s e d i m e n t s  in the B i g h t  and in p a r t i c u ­
lar the p r e s e n c e  of a s u r p r i s i n g l y  large
7.H.W. HILL, C u r r e n t  and W a t e r  Ma s s e s ,  
N o r t h  Sea S c i e n c e ,  M I T  U n i v e r s i t y  
Press , p . 17-4 2 .
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area of mud d e p o s i t i o n  in front of the 
N o r t h e r n  B e l g i a n  c o a s t  (8). The gyr e  is 
r e s p o n s i b l e  for p a r t i a l l y  e n t r a i n i n g  the 
h i g h l y  turb i d  S c h e l d t  w a t e r  to the Sout h 
Wes t  and for i n c r e a s i n g  the r e s i d e n c e  time 
of w a t e r  m a s s e s  in the are a  w i t h  onl y  v ery 
low e s c a p e  p o s s i b i l i t i e s  of the s e d i m e n t s  
to the North.
Fig. A. R e s i d u a l  C i r c u l a t i o n  in the
S o u t h e r n  Bight w i t h  the tidal 
s t r e s s .
A 3
S t r e a m l i n e s  ¢1 “c o n s t  (in 10 m /s).
c . D i spe r si on m o d e l s
The d e p t h - a v e r a g e d  e q u a t i o n s  d e s c r i ­
b i n g  the d i s p e r s i o n  in the sea of a m a r i n e  
c o n t a m i n a n t  t a k i n g  into a c c o u n t  the e v e n ­
tual e f f e c t s  of s e d i m e n t a t i o n  and b o t t o m  
e r o s i o n ,  can he w r i t t e n  (2)
.1 §•£ ♦ u
- 7
7 c
u
TT' (u
[ i -
Vc)J
♦ V (X V c) ( 6 )
c
The n o t a t i o n s  are d e f i n e d  in the glossary.
The e q u a t i o n  d e s c r i b i n g  the e v o l u t i o n  
of the m e a n  c o n c e n t r a t i o n  of s u s p e n s i o n s  
is d e r i v e d  f rom the t h r e e - d i m e n s i o n a l  d i s ­
p e r s i o n  e q u a t i o n  by i n t e g r a t i n g  over 
d e p t h .  The a v e r a g e  ove r d e p t h  of the 
q u a d r a t i c  a d v e c t i o n  terms gives two c o n ­
t r i b u t i o n s  : the first one c o n t a i n s  the 
p r o d u c t  of the m e a n s ,  the seco n o  one the 
m e a n  p r o d u c t  of the d e v i a t i o " «  n o u n d  toe 
m e a n s  .
The s t r u c t u r e  of the latt e r  is a n a l o ­
gous to that of the R e y n o l d s  s t r e s s  and 
e x p e r i m e n t s  r e v e a l  that it is indeed r e s ­
p o n s i b l e  for an e n h a n c e d  d i s p e r s i o n  c o m ­
p a r a b l e  to - but o f t e n  m ore i m p o r t a n t  
than - the t u r b u l e n t  d i s p e r s i o n .  This 
e f f e c t  is c a l l e d  the " s h e a r  e f f e c t "  becau­
se it is a s s o c i a t e d  w i t h  the e x i s t e n c e  of 
a v e r t i c a l  v e l o c i t y  g r a d i e n t .
The s h e a r  e f f e c t  has bee n  d e s c r i b e d  
by se v e r a l  a u t h o r s  in pipes, c n a n n e l s  and 
e s t u a r i e s  w h e r e ,  a f t e r  inter.ration over 
the cross s e c t i o n ,  the flow - s t e a d y  or 
o s c i l l a t i n g  - is e s s e n t i a l l y  in one d i ­
rect ion .
In the s h a l l o w  w a t e r s  of the S o u t h e r n  
Bight, it is g e n e r a l l y  s u f f i r :“"t to c o n ­
s i d e r  the m e a n  c o n c e n t r a t i o n s  ove r the 
d e p t h  but, out at sea, no fu r t h e r  a v e r a ­
gin g  is p o s s i b l e  and the d i s p e r s i o n  m e ­
c h a n i s m  is f u n d a m e n t a l l y  t w o - d i m e n s i o n a l .
A g e n e r a l i z e d  m o d e l  w a s  thus d e v e l o p e d  to 
a c c o u n t  for the r o t a t i o n  of the tidal v e ­
l o cit y v e c t o r  and als o  i n c l u d e  the s e d i ­
m e n t a t i o n  and p a r t i a l  r e c i r c u l a t i o n  of 
the solid s u s p e n s i o n s  (2,9).
3M - I  , U*
b . J . C . J . NIliOUL , E f f e c t  of the tidal stress 
on mud d e p o s i t i o n  in the S o u t h e r n  Bight 
of the North Sea, Proa. 2 n d  A n n u a l  
M e e t i n g  o f  the E u r o p e a n  G e o p h y s i c a l  
S o c i e t y , T r i e s t e ,  2 0 - 2 6  sept. 1974 .
9 . J . C . J . N I HOliL , D i f f u s i o n  of t u r b i d i t y  by 
shear e f f e c t  and t u r b u l e n c e  in the 
S o u t h e r n  Bip, ht of the N o r t h  Sea, 
A d v a n c e s  in G e o p h y s i c s ,  lb A , . 33 I-33 7 ,
1 974 .
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d . C h e m i c a l - e c o l o g i c a l  M o d e l s
A n  e x t e n s i v e  s u r v e y  of c h e m i c a l  and 
e c o l o g i c a l  v a r i a b l e s  in the E a s t e r n  part 
of the S o u t h e r n  Bight was mad e  d u r i n g  the 
years 19 7 1, 1972, 1973 and 1974 in the 
scope of the B e l g i a n  N a t i o n a l  P r o g r a m  on 
the E n v i r o n m e n t ,  Sea P r o j e c t .  On the 
basis  of these i n f o r m a t i o n s ,  the surv e y  
r e g i o n  w a s  d i v i d e d  int o three zones w h e r e  
d i f f e r e n t  c o n d i t i o n s  p r e v a i l .  T h e s e  three 
zones wer e  found to c o r r e s p o n d  to d i f f e ­
rent r e s i d u a l  c i r c u l a t i o n  r e g i m e s  as p r e ­
d i c t e d  by the model.
(i) The first zone, off the Be l g i a n
coast, c o r r e s p o n d s  to the r e s i d u a l  gyre.
W a t e r  f rom the S c h e l d t  e s t u a r y  is to a
large e x t e n t  e n t r a i n e d  in the gyre befo r e
it can e s c a p e  to the North. An island of
_ 2 - 3
h igh t u r b i d i t y  (> 10 kg m ) is o b s e r v e d  
in the r e g i o n  w h e r e  c l o s e d  s t r e a m  lines 
are p r e d i c t e d  by the m o del. B o t t o m  s e d i ­
ments in this zone are c h a r a c t e r i z e d  by 
large areas of mud w h i c h  can be e x p l a i n e d  
by the t e n d e n c y  to f orm - as shown by the 
r e s i d u a l  c u r r e n t  m o d e l  - an o u t e r l a g o o n  
in w h i c h  i n c r e a s e d  s u s p e n d e d  m a t t e r  a r r i ­
val tends to be p r e s e r v e d  by the cu r r e n t  
pattern, is f l o c c u l a t e d  and a g g r e g a t e d  by 
b i o l o g i c a l  a c t i v i t y  and p r e s e r v e d  fro m  net 
e r o s i o n  by w e a k e n e d  w a v e  a c t i v i t y .
(ii) The c e n t r a l  zo ne c o r r e s p o n d s  to f a i r ­
ly p a r a l l e l  s t r e a m  lines s h o w i n g  off the 
n o r t h - b o u n d  flow of the b r a n c h  of the Gulf 
S t r e a m  w h i c h  p e n e t r a t e s  the N o r t h  Sea 
t h r o u g h  the S t r a i t s  of Dove r .  The t u r b i ­
d i t y  in this zone is c o n s i d e r a b l y  lower
and no s y s t e m a t i c  sil t d e p o s i t i o n  occurs.
(iii) The third zone, off the D u t c h  Coast, 
c o r r e s p o n d s  to w a t e r  m a s s e s  u n d e r  d i r e c t  
i n f l u e n c e  of the M e u s e - R h i n e  e s t u a r y .  The 
rivers' o u t f a l l  is in a s e n s e  p r o l o n g e d  
into the Sea by a r e s i d u a l  f l o w  p a r a l l e l  
to the D u t c h  c o ast, to the North.
The l a goo n c o n d i t i o n s  w h i c h  result 
from the r e s i d u a l  c i r c u l a t i o n  in zone 1 
is r e s p o n s i b l e  for s t r i k i n g  d i f f e r e n c e s  
b e t w e e n  the d y n a m i c s  of the e c o s y s t e m s  in 
that r e g i o n  and in zone 2 .
The high t u r b i d i t y  of tue w a t e r  in 
zone 1 c a u se s light e x t i n c t i o r  and r e d u ­
ces p r i m a r y  p r o d u c t i v i t y .  The d o m i n a n c e  
of m i c r o p l a n k t o n  in that r e g i o n  (as c o m ­
pared to n a n n o p l a n k t o n  in zone 2) w i t h  a 
h igh e r  half s a t u r a t i o n  c o n s t a n t  could 
a ffe c t  p r o d u c t i v i t y  in the sam e way.
T a k i n g  int o a c c o u n t ,  also, that the d e p t h  
is s m a l l e r  in the c o a s t a l  r e g i o n ,  one 
s hou l d  e x pect the i n t e g r a t e d  p r o d u c t i o n  
(over depth) to be c o n s i d e r a b l y  s m a l l e r  
in zone I. O b s e r v a t i o n s  reve a l  h o w e v e r  
that - a l t h o u g h  there are d i f f e r e n c e s  in 
the annu a l  v a r i a t i o n i: - the y e a r l y  a v e r a g e  
is about the same in the two re g i o n s  
( e . g .  1 0 ) .
This r e s u l t  is o b v i o u s l y  r e l a t e d  to 
the mu ch h i g h e r  n u t r i e n t  c o n c e n t r a t i o n  
and the m uch larger s p e c i f i c  p h y t o p l a n k t o n  
b i o m a s s  (me a s u r e d  by c h l o r o p h y l l  a) o b s e r ­
ved in zone I w h e r e  l a g o o n  c o n d i t i o n s  p r e ­
vai l (e.g. 1 0 ).
A d d i t i o n a l  i n f o r m a t i o n  are p r o v i d e d  by 
the ratio p h a e o p h y t i n  a / c h l o r o p h y l l  a 
w h i c h  is s y s t e m a t i c a l l y  larger than o ne in 
zone 1 and s m a l l e r  tha n one in zone 2 ; 
i n d i c a t i n g  that, in zon e 1, m ost of the 
p h y t o p l a n k t o n  c e l l s  are dea d  c e lls. Z o o ­
p l a n k t o n  g r a zing, on the o t h e r  hand, is 
m ore i m p o r t a n t  in zone 2 than in zone I, 
w h e r e  p l a n k t o n i c  and b e n t h i c  h e t e r o t r o p h i c  
b a c t e r i a  seem to pla y  the e s s e n t i a l  role.
I 0 .J .C .J .N I H O U L , M e s o s c a l e  s e c o n d a r y  flows. 
I m p l i c a t i o n s  in the c h e m i c a l  and b i o ­
c h e m i c a l  d y n a m i c s  of the S o u t h e r n  Bight 
of the N o r t h  Sea, P r o c . tth Liè ge  
C o l l o q u i u m  on O c e a n  H y d r o d y n a m i c s ,
L i è g e  April 18 M a y  2, 1974.
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The d y n a m i c s  of the e c o s y s t e m s  thus 
r e f l e c t s  the r e s i d u a l  c i r c u l a t i o n  p a t t e r n s  
and the o u t e r l a g o o n  s i t u a t i o n  c r e a t e d  by 
the r e s i d u a l  p yre in zone I.
e • P o l l u t i on M o del s
By r e v e a l i n g  the e x i s t e n c e  of d i s t i n c ­
tive r e g i o n s  w i t h  d i f f e r e n t  c i r c u l a t i o n  
p a t t e r n s  and s u b s e q u e n t  w a t e r  r e s i d e n c e  
times, v a r i f o r m  s e d i m e n t s  d i s t r i b u t i o n  
and c h e m i c a l  c o n c e n t r a t i o n s  in the w a t e r  
c o l u m n  and d i s t i n c t  e c o s y s t e m s  d y n a m i c s  
i n d u c e d  to som e e x t e n t  by d i v e r s i f i e d  
p h y s i c a l  and c h e m i c a l  c h a r a c t e r i s t i c s  and 
d i v e r s e  c o a s t a l  and o f f - s h o r e  m a n - i m p o s e d  
new c o n s t r a i n t s ,  the h i e r a r c h y  of m o dels 
i d e n t i f i e s  the n a t u r a l  b o x e s  for a d j a ­
c e n t  box m o d e l s  d e s c r i b i n g  the d y n a m i c s  
of the e c o s y s t e m s .  T h e s e  m o d e l s  can e v a ­
luate the f l uxes of c a r b o n ,  n i t r o g e n , . . .  
p o l l u t a n t s  t h r o u g h  the food web and p r o ­
vid e  e s t i m a t e s  of the fis h p o p u l a t i o n  
and its level of p o l l u t i o n .  Such 
m o d e l s  - a l t h o u g h  still c o n j e c t u r a l  in 
some a s p e c t s  - hav e  b een s u c c e s s f u l l y  
d e v e l o p e d  and c o m p a r e  s a t i s f a c t o r i l y  wit h  
the o b s e r v a t i o n s  (1). T h e y  p r o v i d e  the 
f r a m e w o r k  for the u l t i m a t e  m a n a g e m e n t  of 
c o n t i n e n t a l  seas (2,3) and r e q u i r e  the 
p r i o r i t y  a t t e n t i o n  of the new g e n e r a t i o n  
of m a r i n e  s c i e n t i s t s .
C O N C L U S I O N S
The g e n e r a l  i n t e r d i s c i p l i n a r y  model 
of the N o r t h  Sea and its h i e r a r c h y  of s u b ­
m o d e l s  can a s s i s t  m a r i n e  m a n a g e m e n t .
(i) h y d r o d y n a m i c  m o d e l s  c a n  p r e d i c t  
witli great a c c u r a c y  the e l e v a t i o n  of the 
w a t e r  s u r f a c e  p r o d u c e d  by tides and s t o r m  
su r ge s, the t r a n s i e n t  and r e s i d u a l  c u r r e n t  
p a t t e r n s ,  the d i s p e r s i o n ,  s e d i m e n t a t i o n  - 
and e v e n t u a l  r e c i r c u l a t i o n  by s t r o n g  
t u r b u l e n c e  - of s u s p e n d e d  m a t e r i a l  as wel l  
as the final d e p o s i t i o n  of s e d i m e n t s  on 
the bottom.
Their r e s u l t s  can be e x p l o i t e d  to assess 
the e f f e c t s  of c o a s t a l  e n g i n e e r i n g  works 
(d r e dging, c o n s t r u c t i o n  of h a r b o u r s  and 
a r t i f i c i a l  island, l o c a t i o n  of é p u r a t i o n  
u n i t s . . . ) .
(ii) D i s p e r s i o n  m o d e l s  c m  e v a l u a t e  the 
exte n t  of the d a m m a g e  p r o d u c e d  by a 
g i v e n  c o a s t a l  or o f f - s h o r e  r e l e a s e  and 
a p p r e c i a t e  the o p p o r t u n i t y  of a u t h o r i z i n g  
or p e n a l i z i n g  sea d u m p i n g s .
(iii) C h e m i c a l  and e c o l o g i c a l  r o d e l s  can 
e l a b o r a t e  on h y d r o d y n a m i c  and d i s p e r s i o n  
mode l s  to c o n s t r u c t  the t r a n s f e r  fun c t i o n s  
w h i c h  r e l a t e  the i n t e n s i t y  of t[ie sources 
of p o l l u t i o n ,  the s u b s e q u e n t  c o n c e n t r a ­
tions in the sea and the final a c c u m u l a ­
tion in the food chain.
The model can th en a s s i s t  Public 
H e a lt h d e c i s i o n s  or w o r k i n g  b a c k w a r d s  fror 
P u b li c t o l e r a n c e s ,  set up for m a n a g e m e n t  
the p r o b l e m  of o p t i m i z i n g  the a m o u n t s  and 
loc a t i o n s  of t o l e r a b l e  p o l l u t i o n  inputs 
s u b j e c t  to the c o n s t r a i n t s  of M o d e r n  
S o c i e t V .
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